. Based on these findings, it has been proposed that grammar is acquired According to most theorists, language consists of a incidentally and based on the implicit (procedural) memmental lexicon (vocabulary) and a set of grammatical ory and knowledge system, whereas lexical-semantics rules, which must be acquired by the human infant. One are processed and represented within the explicit (deof the crucial issues in psycholinguistics is the influence clarative) memory and knowledge system (for reviews of age of acquisition (AOA) on language learning. The see Paradis, 1994; Pinker, 1994; Ullman, 2001; Lebrun, fact that children acquire their native language much 2002). faster and more efficiently than adults when learning a There is some evidence indicating that these different second language has led to the hypothesis that childhood aspects of language (i.e., syntax and semantics) in bilinis a "critical period" for language acquisition, in which gual subjects are differentially affected by AOA, as rehumans are "biologically prepared" to learn languages vealed by event-related potentials (ERPs) and behav-(Lenneberg, 1967). This is supported by a mathematical ioral measurements. According to Weber-Fox and model of the evolution of grammar, which indicates that Neville (1996), syntactic processing is more dependent natural selection leads to a limited language-learning on AOA (affected by an AOA as early as age 1-3) than period (Komarova and Nowak, 2001; Nowak et al., 2001, semantic processing (affected by an AOA of more than 2002). A second argument is related to recovery of lan-11 years). However, a behavioral study on grammaticality judgments did not find differences in PL (in terms of accuracy and reaction times) in subjects with an AOA of
L2, German, second language acquired; AOA, age of acquisition, age at first learning L2; duration of exposure to L2 (years) is (age) Ϫ (age at first learning L2); duration of living is the self-reported total time of living in Germany (years); exposure to L1/L2 is the self-reported exposure to L1 and L2 in the corresponding span of life (0-6, 7-14, 15-18, and above the age of 18 until now); actual exposure to L1 and L2 was determined by a questionnaire regarding actual exposure in the corresponding sphere of action on a scale ranging from 1 (only L1) to 7 (only L2); PL (proficiency level) was determined (1) by a short language test (after the scanning session the participants had to read a newspaper article in L1 and L2 and to answer a questionnaire [maximum 10 points]) and (2) by a detailed language test in L2 (maximum 90 points); reduced n is caused by unavailability of the subjects.
Figure 1. Behavioral Data and Proficiency Level (PL)
Accuracy of responses during the scanning session (A), reaction times (B) and accuracy (C) as measured outside the scanner after the scanning session for each condition and group. PL (D) was determined (i) using a detailed language test in L2 and (ii) by a short language test in L1 and L2 (see Experimental Procedures). Note (1) that the LALP group was slower and less accurate than the high proficient groups and (2) that EAHP and LAHP do not show a statistically significant difference in any of the parameters (compare also Tables 1 and 2) . Abbreviations: n, number of subjects available for the respective measurement; EAHP, early acquisition high proficiency; LAHP, late acquisition high proficiency; LALP, late acquisition low proficiency; L1, Italian, first language acquired; L2, German, second language acquired; Gram., grammatical judgment task; Sem., semantic judgment task. Median, quartile, and data range are displayed.
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) and insula comparing L2 to L1 (Figure 4) . The LALP size of activations elicited by judgments in L2 were subgroup showed greater activation of semantic judgment stantially different between the groups. Our results indi-L2 compared to L1 in the left inferior frontal gyrus (BA cate that AOA mainly influences the cerebral activation 44/6) and left middle frontal gyrus (BA 9); right-sided pattern elicited by grammatical judgments in L2. In conactivations involved inferior frontal regions (BA 47) and cert with the results of Weber-Fox and Neville (1996, insula. Thus, both late acquisition groups showed a bisee below), this finding suggests that at the level of lateral greater activation in the inferior frontal areas in brain activity, the parallel learning of the two languages semantic judgment L2, with the activation of the LALP since birth or the early acquisition of L2 are crucial in group being in Broca's area (BA 44) compared to the the setting of the neural substrate for grammar. Weber-LAHP group, which showed a more inferior frontal actiFox and Neville (1996) indicated an AOA of 1 to 3 years vation (BA 47).
as critical for processing grammar. Our study showed that subjects with an AOA later than 6 (mean AOA of 19) showed greater activation as compared to the EAHP Discussion subjects during grammatical (but not during semantic) processing. On the other hand, the effects of PL appear This study investigated the influence of AOA and PL to involve both grammatical and semantic processing. on the neural correlates of grammatical and semantic judgment in L2 as compared to L1. The amplitude and These aspects will be discussed in detail. L2, German, second language acquired; Gram., grammatical judgment task; Sem., semantic judgment task; behavioral data were recorded (1) inside the scanner (accuracy) and (2) outside the scanner (reaction time and accuracy; after the scanning session); reduced n is caused by malfunction of the recording system or unavailability of the subjects. Influence of AOA on the Cortical Representation cal judgment. LAHP subjects had a comparable pattern of brain activation for the semantic task as EAHP subof Second Language Processing Our data indicate that AOA has a pronounced effect on jects. However, during the grammatical task a more extensive activation was observed in areas associated the cortical representations associated with grammati- Tables 1 and 2 and Figure 1 ), they showed highly group were also larger during semantic processing in bilateral BA 47 and insula, indicating that AOA also afsignificant differences in brain activation during the grammatical task but not during the semantic task, thus fects the brain correlates of semantic processing. This greater activation in L2 despite the highly similar perforindicating a task-specific effect of AOA.
The direct comparison of L2 with L1 activity in the mance might be related to underlying compensatory mechanisms by using additional brain activation, thus LAHP group confirmed that during grammatical processing in L2 more extensive activation was found in also suggesting that the relationship between behavioral performance and extent of brain activation may not be Broca's area as well as other areas (compare Table 4 ). It should be noted, however, that there was a somewhat straightforward. The EAHP group did not exhibit language-specific inferior behavioral performance within the LAHP group Comparison of grammatical judgment L2 to grammatical judgment L1 within each group showed no differences in the EAHP group (A) but significant differences in language-related regions in both the LAHP group (B) and the LALP group (C), thus demonstrating that age of acquisition specifically affects the cortical representation of grammatical processes; note that there were no behavioral differences (PL, reaction time, accuracy) between EAHP and LAHP but differences between the low proficient and both high proficient groups (PL, accuracy; compare also Tables 1 and 2 ). (Results of group analysis [n ϭ 11, 12, and 9, respectively] superimposed on MNI template 'colin27' in neurological convention [left is left]; Brodmann areas, x and z coordinates are given. Abbreviations: EAHP, early acquisition high proficiency; LAHP, late acquisition high proficiency; LALP, late acquisition low proficiency; L1, Italian, first language acquired; L2, German, second language acquired.) differences in activation between the two languages. guals (AOA Ͻ4 and Ͼ10, respectively) during auditory comprehension of sentences (i.e., in a task also involving Whereas this finding clearly differentiates this group from the LAHP group, it cannot be excluded that using semantic processing). The authors concluded that for this task PL is more important for cortical organization a larger sample size might result in differences for this within group comparison. The lack of difference within of L2 than AOA (Perani et al., 1998). Another fMRI study showed similar patterns of overlapping activation in the EAHP group may be considered to reflect the overall comparable behavioral performance in L1 and L2. A cued word generation in early (AOA Ͻ6) and late (AOA Ͼ12) but comparably fluent bilinguals (Chee et al., ceiling effect appears to be an unlikely explanation for this lack of difference, as none of the subjects performed 1999). No subject showed significant differences in peak location of L1 and L2. On the other hand, an influence better than 91% in the detailed language test in L2. Thus, based on these data, it cannot be decided whether of AOA on the cortical localization of L1 and L2 was reported in late bilinguals (mean AOA 11.2 years), using the difference between the EAHP and the LAHP group indicates an underlying exclusive (yes/no) difference or fMRI during an internal sentence generation task (Kim et al., 1997): L1 and L2 activated distinct frontal areas, whether the difference is more of a quantitative (more/ less) nature, an explanation which we favor. while little or no separation of activity was found in temporal regions. Early bilinguals (exposed to L2 during To summarize, AOA seems to affect the neuronal processing mechanisms of grammatical judgments more early infancy) showed no separation, either in frontal or in temporal regions. The subjects in this study were than PL (more activation or less efficient representation if the language is learned late). These differential effects reported being high proficient; however, the methods of assessment of proficiency were not specified and the of AOA and PL on grammatical processing are noteworthy, given that previous studies gave somewhat conflictstudy investigated inhomogeneous pairs of languages. The previously mentioned study by Chee and colleagues ing results. A PET study reported a comparable pattern of brain activation in early and late high proficient bilin-(1999) investigated Singaporeans, which can be expected LAHP group in terms of accuracy, reaction time, and PL (but note the effect of AOA on PL on grammatical judgments within the LAHP group as discussed above). A striking difference between these groups was found only at the functional level in inferior frontal regions during grammatical processing. The LAHP and the LALP group in our study showed significant differences in PL and accuracy in L2, but no differences in AOA. With respect to the critical period of L2 acquisition, it should be emphasized that all late acquisition subjects acquired the second language after the proposed critical period of AOA Ͼ6 years (mean 19 and 20 years, respectively).
Our data indicate that PL has a larger effect than AOA on the cerebral representation of semantic processing in L2. The comparison between the two late acquisition samples indicated the presence of areas of differential activation. LALP bilinguals showed more extensive cerebral activations during semantic judgment tasks than LAHP bilinguals in Broca's area and right middle frontal gyrus, whereas the LAHP group showed greater activation in left middle frontal and right fusiform gyrus compared to the LALP group. Within both groups, semantic processing L2 led to greater activation than L1, but in the LAHP group this was not associated with inferior by definition indicated an inferior performance in the LALP group, appears to be complex: the inferior performance in grammatical tasks was not reflected in more to be highly proficient in each language because of the extensive activation in the LALP group with respect to really integrated society of Chinese-English bilinguals the LAHP group (Tables 2 and 3 ). This might be due to in Singapore. Thus, these studies left open the possibilgreater motivation and greater use of compensatory ity that PL rather than AOA may be the crucial factor in strategies/greater effort in the LAHP group compared determining the neural organization of L1 and L2.
to the LALP group; however, offline reaction times The type of linguistic processing engaged by the task showed no differences between the groups and make is a vital factor that has to be considered. The present this explanation less likely. That is, beside the strong results indicate that AOA might have a greater impact effect of AOA (see above), there seems also to be an on the cerebral correlates of grammatical processing effect of PL on grammatical processing. than on semantic processing. A similar proposal was These results cannot be easily accommodated within put forward by Weber-Fox and Neville (1996) using ERP the idea that more extensive activation indicates worse and behavioral measurements. They found grammatical performance. Several monolingual studies have sugprocessing to be more influenced by AOA than semantic gested that a higher level of complexity, i.e., a more processing, i.e., grammatical processing was affected difficult task, increases the extent of cortical activation by an AOA of 1-3 years, but semantic processing was (Just et al., 1996; Stromswold et al., 1996; Caplan et al., only affected by an AOA of Ͼ11 years. In LA subjects, 1998; Carpenter et al., 1999). In the case of bilinguals, the difference appears to be related to a larger activation however, the effect appears to be largely task depenin areas that are involved in morphosyntactic prodent (Abutalebi et al., 2001 ). For example, in word genercessing, thus supporting a performance level that is ation tasks, processing the least fluent language commostly comparable to that observed in the early acquisipared to processing L1 produced a much stronger and tion group. larger activation in left frontal regions (Yetkin et al., 1996) . Using a matching-to-sample-task, the least profiInfluence of PL on the Cortical Representation cient performance was associated with the most extenof Second Language Processing sive activation in bilateral inferior frontal regions (Chee Intuitively, one might expect a correlation of PL and et al., 2001 ). In the case of language comprehension AOA. However, it is noteworthy that there were no statistasks, more extensive activity has been shown in the most proficient language. In low proficient bilinguals, tically significant differences between the EAHP and on participating subjects but could rather be generalized A summary of demographics and language background of the to population (Friston et al., 1999a) . subjects is given in the following paragraph and in Table 1 and Italian. five males); LAHP group (12 subjects with late acquisition of L2 and For the semantic anomaly condition, the sentences were gramhigh proficiency in L2; four males); and LALP group (9 subjects with matically correct but contained semantic violations, e.g., "Das Reh late acquisition of L2 and low proficiency in L2; seven males).
erschießt den Jä ger" (the deer shoots the hunter); "Die Maus jagt Even though the subjects in the EAHP group were exposed to die Katze" (the mouse hunts the cat); and "La pannocchia mangia both languages since birth, Italian is defined to be L1 because of il maiale" (the corncob eats the swine). All sentences were orthothe specific language backgrounds: 7 of the 11 subjects spent their graphically correct and matched for length and word frequency. The first years of life in Italy, and in the case of 5 subjects, both parents sentences were adapted from the corpus of sentences by Hahne were Italian (the remaining subjects had a German mother and an and Friederici (2002). Five native speakers of German and Italian Italian father). They had a mean exposure to Italian of 55% before judged whether the sentences were violated or made sense, respecage 6 (see Table 1 ). All subjects in the EAHP group have acquired tively. Only those sentences with a 100% consensus were selected. both languages since birth and are therefore compound bilinguals according to neurolinguistic definitions (DeGroot, 1993).
All 32 subjects were living in Germany when they participated, Task Before the scanning session, the experiment was explained outside and the mean of actual exposure was equal in all three groups (see Table 1 ). In each subject a native speaker tested speech production the scanner and the subjects had a brief training session. The sentences were presented on a back-projection screen. After an initial and performance in L2. Participants had to perform a short language comprehension test (reading of a short text, a newspaper article, resting period (60 s), the sentences were presented in blocks lasting 128 s (12 blocks, randomized, 3 for each condition), followed by 32 giving written answers to questions) in L1 and L2. Additionally, the subjects had to perform a detailed accredited proficiency language s of rest (fixation cross). Each block was preceded by an instruction
